We demonstrate the exploitation of the nonlinear behavior of two electrically coupled microbeam resonators to realize a band-pass filter. More specifically, we combine their nonlinear hardening and softening responses to realize a near flat pass band filter with sharp roll-off characteristics. The device is composed of two near identical doubly clamped and electrostatically actuated microbeams made of Silicon. One of the resonators is buckled via thermal loading to produce a softening frequency response. It is then further tuned to create the desired overlap with the second resonator response of hardening behavior. This overlapping improves the pass band flatness. Also, the sudden jumps due to the softening and hardening behaviors create sharp roll-off characteristics. This approach can be promising for future generation of filters with superior characteristics.
highly selective filters, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Both electrically and mechanically coupled resonators have been demonstrated for filter applications. [10] [11] [12] [13] [14] [15] [16] [17] Highly tunable filters were studied, where the centre frequency and the bandwidth can be tuned independently. [18] [19] [20] [21] [22] [23] Furthermore, various designs of resonators have been explored, such as ring shaped and rectangular plate resonators, to achieve high-Q high-frequency filter operation. [24] [25] [26] Parametric resonances, 27, 28 subharmonic excitations, 29, 30 and nonlinear feedback control 31 have been also exploited. Multi-function MEMS devices, capable of performing several operations in a communication chain like simulteneous mixing/filtering have also been explored for energy efficient communication units. 32, 33 In this work, we present a technique that combines the hardening and softening responses of The proposed filter consists of two nearly identical laterally actuated clamped-clamped microbeams. Each microbeam is anchored from its two ends with two fixed electrodes. An electrical current is passed through one of the beams via these electrodes for electrothermal tuning. The microbeams are actuated electrostatically with a driving electrode on one side, and the output response is measured via a sensing electrode on the other side. The microbeam resonators are fabricated through a two-mask surface micromachining process using a highly conductive (resistivity of 0.001 ohm.cm) p-doped Silicon on Insulator (SOI) wafer, 34 Fig. 1(b) .
The Silicon layer is patterned, etched, and released to form the microbeam structure. A Vector Network Analyzer (VNA) is used to characterize the resonators and demonstrate the filter operation, Fig. 1(c) . A single power supply is used to provide the same DC bias to both resonators. The radio frequency (RF) output from the network analyzer is applied to the drive electrodes of both beams. The outputs from the resonators are fed into the low noise amplifier (LNA), where they are combined and differentially amplified, and then sent back to the VNA.
The outputs of these electrically coupled resonators can be combined using a differential-tosingle ended amplifier 21, 35 (similar to the way the LNA is configured in the test setup) and combination of hardening and softening behaviors can be achieved, for instance, by using a cantilever that exhibits softening behavior and a clamped-clamped beam which shows hardening behavior. In this study, however, we utilize two clamped-clamped beams and rely on the electrothermal tuning of resonance frequencies of the beams to yield the desired filter characteristics. Hence, one beam is actuated beyond buckling to produce the quadratic nonlinearity for the softening behavior. This quadratic nonlinearity is of geometric type due to the new resulting configuration from buckling. The other beam is actuated below buckling such that the cubic nonlinearity is dominant. 4, 36 The cubic nonlinearity is a result of the beam midplane stretching generated at moderate deflection levels.
Using electrothermal voltage is beneficial as it allows for bidirectional large frequency tuning. 36 This can be used to compensate for fabrication imperfections considering that the operating frequencies of the resonators are critical to the proposed technique for filtering. It is worth mentioning here that the nonlinear response of the resonator differs in the forward and backward sweeps resulting in hysteresis in the response. 4 Hence, the response can be monostable, with a unique state for a given excitation frequency, or bi-stable where two states of small and large amplitude vibration can coexist, Fig. 5(a)-(b) . Fig. 5(c)-(d) show the experimental response of the resonators analogous to the schematics in Fig. 5(a)-(b) . For discrete values of input frequencies and a given electrostatic loading the resonator ideally jumps to the frequency branch (higher state of vibration) only inside the mono-stable region and stays at the non-resonant branch (lower state of vibration) in the bi-stable region. Hence, the filter operating range is considered to be the overlapping mono-stable region only. These jumps however can be uncertain depending on the strength of the basin of attraction of each branch.
Despite the improvement of the pass band flatness and roll-off characteristics, the proposed filter needs improvements in some aspects. First, the power handling capability of the device could be low considering that a significant incoming AC power can widen the pass band region thus creating uncertainty in the filter operation close to the hysteresis region. Minimizing the hysteresis regions, by controlling the nonlinearity strength, will help resolve such uncertainty. To improve understanding of the filter performance within this hysteric regime, the behavior of the filter in response to a real time broadband signal needs to be extensively studied. This is particularly needed in light of the fact that the response of the resonators in the bi-stable regime to a random excitation input is not currently totally understood. Basin of attraction analysis to reveal the strength and robustness of the two dynamical states in this regime needs be conducted.
Also, the VNA may not represent accurately the behavior of a broadband signal. Hence, it is necessary to investigate the effects of the carrier signal's noise and the multi-frequency excitation, including amplitude and frequency modulated signals.
We also notice that the bi-stable region towards the left of the mono-stable regions is quite large due to the strong nonlinearity of the buckled beam, Fig. 5(c) . This region can be reduced by operating in areas where the beam's curvature is smaller due to the electrothermal loading. This can be achieved by tuning both beams to an optimized frequency value, where the hysteresis regions are small on each side. Nevertheless, in its current form the region of uncertain filter behavior for a small power handling capacity will be still very close to the hysteresis regions, irrespective of the large bi-stable region to the left. This is due to the fact that a large amount of RF power will be required for the filter response signal to jump to the far left frequency branch of this bi-stable region, Fig. 5 
(c).
A MEMS filter is demonstrated here by combining the nonlinear softening and hardening responses from two resonators. The device is demonstrated to have a near flat pass band with sharp roll-off characteristics. One aspect that needs further investigation is to control the nonlinearity of the hysteresis region. Also, basin of attractions analysis in the bi-stable regimes can help determine the optimal operating conditions for the filter. This is an area for future research and it can prove fruitful in developing band pass filter of improved characteristics.
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